Interaction of engineered nanoparticles with toxic and essential trace elements must be taken into consideration when estimating risks of NPs presented in the natural environment. The purpose of this work was to study the possible influence of silica, titanium dioxide (rutile) and fullerenol NPs on the toxicity of cadmium and to research the status of some trace elements and related indices of immune function in experiments on laboratory animals. Young male Wistar rats received cadmium salt (1 mg/kg b.w. Cd) orally for 28 days separately or in conjunction with the said kinds of NPs in different doses. A number of effects was observed as a result of combined action of Cd together with NPs, increase in bioaccumulation of this toxic trace element in the liver was most evident. The observed effects didn't show simple dosedependence in respect to nanomaterials that should be taken into consideration when assessing the possible risks of joint action of nanoparticles and toxic elements existing in the environment in extremely low doses. Violation of microelement homeostasis caused by the combined action of Cd and NPs can have various adverse effects, such as inhibition of T-cell immunity induced by co-administration of Cd with rutile NPs.
Introduction
The assessment of potential risk of nanoparticles (NPs) and nanomaterials (NMs) is a difficult challenge, but it is of primary importance [1] [2] [3] , considering rapid introduction of new products of nanotechnology (food, medicine, cosmetics, household chemicals, fuel components, construction materials and etc.) [4] . At the same time it's necessary to take into account that NPs are extremely seldom present in the environment and industry in the isolated form, instead they exist in complex with traditional components including contaminants, such as heavy metals, dioxins, etc [5] .
NPs have physicochemical properties that are different from the same materials in the form of macroscopic dispersions or solids. One of them is the capability of NPs to penetrate through biological barriers and thereby facilitate trafficking of contaminants adsorbed on NPs surface or bond in their bulk phase. Thus, the question arises about possible risks, consisting in increased toxicity of chemical contaminants of food products and the environment as a whole in their conjunction with NPs. The possibility of such adverse effects was widely discussed [6] [7] [8] [9] [10] [11] [12] [13] .
Another source of NP's risk consists in their interaction with trace elements including essential ones (such as Fe, J, Se, Zn, Cu, Mn, Cr, Mo, Co) and other with less obvious biological function (such as Ag, V, B, Si, Br, F). Some of these elements are constituents of commercially manufactured NPs (such as Ag and Si), others may be adsorbed on NPs and penetrate with them through barriers of organism or, on the contrary, linger in the intestinal lumen due to binding to low-absorbable NPs. This may lead to changes in safety and bioavailability of some trace elements producing several systemic impacts, for example on immune system performance [14] . Therefore, the purpose of this research was to study the possible impact of some widespread NPs such as silica, titanium dioxide (rutile) and fullerenol NPs on the toxicity of cadmium together with status of some trace elements and related indices of immune function in experiments on laboratory animals.
Materials and methods

Nanoparticles and nanomaterials
Nanoparticles of titanium dioxide in the form of rutile (NPs TiO 2 ) were purchased from "SigmaAldrich" (Germany). The preparation was previously characterized by transmission electron microscopy (TEM) as consisting of partially agglomerated rod-shaped NPs with approximate size of 5×40 nm. Mean hydrodynamic diameter of particles equaled to 44.7 nm (51.5%) and 103.6 nm (48.5%), 90 th percentile -129.3 nm according to laser dynamic light scattering (DLS). Fine dispersed amorphous silica "Orisil 300" was purchased in "Silica" LTD (Russia) and had BET specific surface 300 m 2 /g according to the manufacturer. TEM characterized the sample as loose agglomerates of NPs sized from 5 to 100 nm with a very small number of free particles sized 5-20 nm. DLS-measured mean hydrodynamic diameter in sonicated water slurry was 56.6 ± 32.1 nm; 90 th size percentile -91.7 nm. Fullerenol (C 60 (OH) 24 ) was purchased from "Fullerene-center" LTD (Russia) and had 99.5% purity in reverse-phase HPLC. DLS revealed marked aggregation of fullerenol molecules in water solution with formation of NPs (micelles) sized 2.89 nm (75.1%) and 1.05 nm (24.9 %) in diameter, 90 th percentile -4.68 nm.
Toxic heavy metal preparation
Cadmium chloride (CdCl 2 ×2.5 H 2 O) was used as a source of toxic element with traditional level of dispersion. Preparation was analytical grade, purchased from «Khimmed», Russia.
Tested solutions preparation
Tested solutions of NPs were freshly prepared daily by dissolving nanomaterials and Cd salt in deionized water with further ultrasound treatment under the following conditions: frequency 44 kHz, power 2 W/ml, time 5 min, temperature 2-4 0 C.
Animals
Experiment was performed on 128 adult male Wistar rats, weighing 67-109 g, kept in plastic cages in a temperature controlled (22°C) room, a 12 h light : dark cycle was maintained. Rats received standard full value semisynthetic rat diet prepared on the base of casein (coinciding with the composition to AIN76) and water ad libitum throughout the experiment. The animals were randomized into eight groups of 16 rats. The tested preparations were administered to animals once a day at a fixed time intragastrically by gavage in total volume of deionized water less than 2 ml. The experiment lasted for 28 days. The number of groups and doses of preparation tested are listed in Table 1 .
Methods
Rats' body weight was registered daily throughout the experiment. Animals were withdrawn from the experiment by exsanguination under deep ether anesthesia, relative organ weights were determined. Hematological parameters of leucocytes were studied in hematology analyzer «Coulter AC TTM 5 diff OV» ( «Beckman Coulter», USA) with a standard set of reagents (manufactured by «Beckman Coulter», France). Expression of CD45RA, CD3, CD4, CD8, CD161a antigens was determined on peripheral blood lymphocytes (Ly) by direct immunofluorescence staining of whole blood with a panel of monoclonal antibodies conjugated with fluorescent dyes manufactured by «Beckman Coulter», USA. Analysis of the stained cells was performed on a flow cytometer "FC-500", manufactured by «Beckman Coulter» (USA) using program "Cytomics CXP Software". Ly populations were isolated by gating on parameters of small angle (FS) and side (SS) light scattering. The gating of CD3 + Ly populations via fluorescence channels FL1 and SS Lin was performed next. The results were recorded on a two-parameter histogram distribution of CD3+ (from gate B) using monoclonal antibodies against CD4 and CD8 detected in fluorescence channel FL5 and FL4, respectively. The expression of CD45RA and CD161a was determined in a separate test similarly. The total content of CD45RA + (B-Ly), CD3 + (T-Ly) and CD161a + (natural killer, NK) was expressed as per cent (%) of the total number of Ly analyzed considering at least 10 4 events per sample. The contents of CD3 + CD4 + (T-helper cells) and CD3 + CD8 + (cytotoxic T-Ly) were determined as % of their share in the total number of CD3 + cells. Dimensionless immunoregulatory index (IRI) was calculated as a ratio of CD4 + / CD8 + cells counts. The concentration of cadmium (Cd), lead (Pb), arsenic (As), silver (Ag), zinc (Zn), copper (Cu), chromium (Cr), manganese (Mg), aluminum (Al), nickel (Ni) and cobalt (Co) in organs (liver, kidney, brain) was determined by mass-spectrometry with inductively coupled plasma (ICP-MS) with octopole reaction system (ORS) by means of device "Agilent ICP-MS 7700x" ("Agilent Technologies", Japan). Sample preparation for ICP-MS measurements was carried out in microwave digestion system "TOP WAVE" ("Analytic Jena", Germany).
Results and discussion
Four rats died during the experiment in groups 1, 4 and 5; three -in groups 2 and 3, two -in group 7.
A bilateral pneumonia was found on section in all the dead animals which was apparently a result of occasional aspiration of silica suspensions. The remaining animals had visibly normal behavior and performance, condition of hair and mucous surfaces and stool. At day 28 no pronounced and dosedependent influences were observed on relative organ mass with exception of lung weight 16% (p<0.05) increase in group 8 (fullerenol, 10 mg/kg) compared to group 2 (Cd only). As it's seen from Table 2 , Cd intoxication didn't influence WBC indices in rats in the used doses. However, silica NPs (group 3) and rutile NPs (group 5) uniformly decreased Ly count and increased neutrophiles but this effect was not dose-dependent in respect to NPs dose. Study of cellular immune performance of animals ( Table 3 ) revealed no influence of Cd on the studied parameters. NPs of all types had no effect on B-cells and NK counts. The most pronounced changes were the decrease in T-helper proportion and increase in T-cytotoxic cells with corresponding lowering of IRI in animals subjected to high dose of rutile NPs against the background of Cd intoxicaton. It's noticeable that such effect was absent in rats receiving this nanomaterial without Cd as it was shown in compatible conditions of experiment in [15] .
ICP-MS studies of trace elements in the organs have clearly shown marked Cd accumulation in all tissues of the animals receiving this toxic element ( Table 4 ). The most pronounced Cd rise was noticed in kidney (33.95%) and liver (45.14%) whereas in brain Cd concentration increased only by 55%. Cd accumulation in liver was strongly affected by silica NPs and (to lesser extent) fullerenol in small dose, whereas such effect from rutile NPs wasn't statistically significant. This result confirms the suggestion that Cd uptake in live organisms may be enhanced due to effect of its concomitant penetration through biological barriers together with some kinds of NPs [16] . Corresponding growth of kidney Cd accumulation in presence of NPs intake was far less pronounced and considered insignificant. Apparently no influence of Cd was noticed on NPs level in brain. Tables 5, 6 ) that coincided with the data known from literature [17] . The effect of decrease in Pb accumulation was detected in liver, especially in rats additionally treated with low doses of silica (group 3), fullerenol (group 7) and high doses of rutile NPs (group 6). Unlike this Zn level significantly grew in following groups: 4 (high dose of silica), 5 (low dose of rutile) 7 and 8 (both doses of fullerenol). Consequently, this NPs markedly enhanced effect of Cd on Zn accumulation that was yet insignificant in group 2 (Cd only). Cu levels significantly grew in presence of fullerenol treatment (group 7) whereas Ag accumulation diminished and As increased in group 4 (high dose of silica NPs). Any differences in liver levels of Al, Ni and Cr weren't found in animals developed by both Cd and all kinds of NPs (data not shown).
Accumulation of Mn in liver was apparently not influenced by Cd itself but significantly enhanced by low dose of silica (group 5) and both doses of fullerenol (groups 7,8). The landscape of trace elements distribution in kidneys was similar to some extent in regard to Pb, Zn and Mn, but the changes caused by NPs were less pronounced and could be explained in most cases by effect of Cd itself. In any way Cd strongly enhanced Co accumulation in kidney irrespective to NPs development. Effects on Al, Ni, Cr and Ag accumulation in all groups were insignificant (data not shown).
Most changes in trace elements levels in brain were small in dimension and insignificant that reflects high degree of brain-blood barrier impermeability to chemical factors and stability of brain media homeostasis (data no shown). The only exception was decrease in Co accumulation from 12.0±1.5 ng/g tissue (group 1) to 8.5±0.7 ng/g tissue (group 2) caused by Cd. Said effect was obvious also in combined treatment with all 3 types of NPs.
The results obtained confirm the presence of interactions of different types of NPs with toxic trace element Cd during its absorption and biodistribution in the bodies, which coincides with the data obtained earlier on alternative biological models [16, 18, 19] . Said changes of Cd accumulation may result in different manifestations of Cd toxicity, in particular its immunosuppressive action [20] . In this work it was demonstrated when joint treatment with Cd and rutile (TiO 2 ) NPs displayed pronounced decrease in Th mediated immunity in rats. The fact is noticeable that in many cases the effects of NPs appear to be dose independent i.e. pronounced at low rather than high doses. Today the data is insufficient to explain comprehensively this observation but one should keep in mind the instability in time and the variability of t properties of NPs depending on the biological environment [21] . It can be suggested in this case that NPs aggregation in gastrointestinal tract (that is more pronounced at high concentrations/doses in accordance with the law of mass action) is a factor that counteracts with NPs uptake and concomitant Cd trafficking. This may mean that effects potentiating toxic elements action may be more pronounced at extremely low doses of NPs that apparently take place in the real environmental conditions. Numerous data on changes in the bioavailability of trace elements may be placed among the effects of "the interaction of trace elements" in animals treated with Cd [17] . Their explanation implies that trace elements compete for cellular sites responsible for uptake, transport, retention (fixation) and clearance both to influence of toxic metal (i.e. Cd) on activity of enzyme systems responsible for essential elements metabolism.
As shown by the data obtained in this work, various types of NPs, like silica, rutile and fullerenol are not neutral in respect to these processes, and may modify them to some extent, which is an additional source of risk of breaking the element homeostasis in the combined action of Cd and these NMs. Thus, a number of effects were observed in combined action of Cd and NPs of practical importance including silica, titanium dioxide (rutile) and fullerenol on laboratory animals, the most significant effect was the strengthening of bioaccumulation of this toxic trace element in the liver. The effects observed do not show a simple dose-dependence towards NMs that should be considered when assessing the possible risks of joint action of NPs and toxic elements present in the environment in extremely low doses. Violation of microelement homeostasis caused by the combined action of Cd and NPs can have various adverse effects, such as inhibition of T-cell immunity induced by coadministration of cadmium with rutile NPs.
Conclusion
